Bioactive hydroxyapatite (HA) with addition of silicon (Si) in the crystal structure (silicondoped hydroxyapatite (SiHA)) has become a highly attractive alternative to conventional HA in bone replacement owing to the significant improvement in the in vivo bioactivity and osteoconductivity. Nanometre-scaled SiHA (nanoSiHA), which closely resembles the size of bone mineral, has been synthesized in this study. Thus, the silicon addition provides an extra chemical cue to stimulate and enhance bone formation for new generation coatings, and the next stage in metallic implantation design is to further improve cellular adhesion and proliferation by control of cell alignment. Topography has been found to provide a powerful set of signals for cells and form contact guidance. Using the recently developed novel technique of template-assisted electrohydrodynamic atomization (TAEA), patterns of pillars and tracks of various dimensions of nanoSiHA were achieved. Modifying the parameters of TAEA, the resolution of pattern structures was controlled, enabling the topography of a substrate to be modified accordingly. Spray time, flow rate and distance between the needle and substrate were varied to improve the pattern formation of pillars and tracks. The 15 min deposition time provided the most consistent patterned topography with a distance of 50 mm and flow rate of 4 ml min
INTRODUCTION
Metallic implants have been widely used in major loadbearing applications, such as hip prostheses and dental implants owing to their excellent mechanical properties, but the osteoconductivity is generally lacking in metallic materials, resulting in slow bond formation with bone. The osteoconductive and osseointegrative nature of hydroxyapatite, Ca 10 (PO 4 ) 6 (OH) 2 (HA), has made it a popular coating material for metallic orthopaedic implants for over two decades [1] . HA-coated metallic prostheses, which combine the osteoconductivity of HA and high strength of metal alloys, have been increasingly favoured by surgeons for younger patients seeking joint replacements, particularly considering the ageing global population.
Recently, it has been demonstrated that the in vivo bioactivity of HA can be significantly improved with the *Author for correspondence (g.heppe@ucl.ac.uk).
incorporation of silicate into the HA structure, silicon-substituted hydroxyapatite (SiHA) [2, 3] . Carlisle [4] demonstrated that silicon is an essential mineral for growth and skeletal development and a Si-deficient diet causes significantly diminished weight gain, cartilage and bone development.
By the addition of a small amount of silicon (1 wt%) to HA, the bioactivity of SiHA has been increased [5] . SiHA has a greater rate of in vivo dissolution, in comparison with that of HA [6] as well as a greater rate of bone apposition [3] . The primary effect of Si in bone and cartilage is thought to be associated with matrix synthesis, although its influence on calcification may be an indirect phenomenon from matrix components [7] . Silicon has been found to promote collagen type 1 synthesis, which constitutes 90 per cent of extracellular matrix (ECM), enhance osteoblast differentiation [8] and prevent poor host bone metabolism in defect repair [2] . The exact mechanism of the effect of Si incorporation has yet to be elucidated. The role of Si in the HA structure may be active, where Si ions are released into the ECM, thus affecting the rate of bone apposition, or Si could act in a passive capacity, where the addition of the Si to the HA alters the chemistry and grain size, indirectly changing the biological response as the dissolution preferentially occurred at grain boundaries and triple junctions. Both active (increase in solubility and release of Si) and passive (favourable topography from increased grain boundaries with decrease in the grain size) roles of Si in HA leads to the increasing bioactivity of SiHA. Therefore, SiHA is a highly attractive alternative to conventional HA in bone replacement, for example successful bone graft in spinal fusion. A range of techniques has been described recently for coating SiHA as a new generation implant, which provides an extra chemical cue to stimulate and enhance bone formation [9 -11] .
In addition to varying the chemistry of the coating, the next logical stage in optimizing metallic implantation design is to further improve the target cell adhesion and proliferation by controlling the cell alignment, thus improving the rate at which bone tissue regenerates. Topography has been found to provide a powerful set of signals for cells [12] , inferring enhanced adhesion, accelerated cell movement and orientation. Controlling cell direction, orientation and proliferation rates is of paramount importance in the success of an implant as it not only enables a decrease in implant fixation time, but also enables cells to grow preferentially in one area to strengthen fixation in desired areas. Therefore, the design of the implant surface is crucial to promote the acceptance of implants by surrounding tissue and, ultimately, extend the functional service life of the implant.
Cellular interaction varies with cell type, feature size and geometry, materials chemistry and fabrication methods. Microcontact printing [13] , ink jet printing [14] , anisotropic etching [15] , chemical vapour deposition [16] , photolithography [17] and electron-beam lithography [18] have been developed to produce a variety of surface patterns of microwells, channels, grooves, islands, ridges and pits. Recently, templateassisted electrohydrodynamic atomization (TAEA) spraying of nano hydroxyapatite (nanoHA) has been developed as a new way to pattern the implant surface for guided cell growth [19, 20] . TAEA has been developed from the well-documented technique of electrohydrodynamic atomization (EHDA). This technique has the advantages of low cost, easy set-up and operation in ambient temperature and pressure and versatility, where a wide variety of materials, from metal, polymer, ceramic to composite, can be processed. The equipment system set-up consists of a nozzle connected to high voltage and ground electrode. nanoHA suspension was fed through at a precisely controlled flow rate and subjected to a high voltage and droplets of nanoHA were generated under the stable jetting. The droplets were attracted to the grounded substrate to release the charge, and the deposition of nanoHA was achieved once the solvent has evaporated. Previous work has shown that human osteoblast (HOB) cells were aligned along and across the nanoHA pattern prepared by TAEA [20] . In order to achieve more rapid bone apposition, patterning of implant surface with highly bioactive nanoSiHA is the approach to create a desired surface topography for 'contact guidance'. In this study, patterning of highly bioactive nanoSiHA was attempted by firstly constructing a flow rateapplied voltage map for TAEA processing, secondly, optimizing a range of processing parameters and finally assessing the in vitro cellular responses to the various patterns created.
MATERIAL AND METHODS

Preparation and characterization of nanoSiHA
NanoSiHA (with 1 wt% Si) was synthesized based on the reaction between calcium hydroxide and orthophosphoric acid (AnalaR grade, BDH, UK). Tetraethoxysilane (TEOS) was used for the incorporation of Si while Ca/(Si þ P) ratios were maintained at 1.67, as detailed in table 1. Under continuous stirring at ambient temperature (208C), P and Si solution was added dropwise to the Ca solution; pH was kept above 10.5 by the addition of ammonia solution. Continuous stirring was maintained for 16 h after the addition of reactants. The nanocrystals obtained were further aged and washed with boiling water. Ethanol (AnalaR grade) was used to disperse the particles for preparation of nanoHA and nanoSiHA suspension for electrohydrodynamic atomization (EA) spraying. The morphology of nanoSiHA was examined using a JEOL 200CX transmission electron microscope. The crystal structures was analysed using a Bruker X-ray diffractometer (D8). The data were collected from 208 to 408 and a scan time of 3600 s was used.
TAEA processing
The TAEA process set-up has been previously described [21] . Briefly, a stainless steel needle (Stanley engineering LTD, Birmingham, UK) was set in resin for rigidity and insulation, the internal and external diameter was 800 and 1100 mm, respectively.
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The needle was connected via a conducting cable to a high-voltage power supply (Glassman Europe Ltd., Tadley, UK), and was also connected to a syringe mounted on a programmable infusion pump (Harvard Apparatus) via silicone rubber tubing. A high-speed digital camera (Weinberger AG, Dietikon, Switzerland) in conjunction with a computer was used to observe and characterize the processing and capture images.
Glass slides and titanium alloy (Ti-6Al-4V; cut down to 10 Â 10 mm) were used as the substrates for various patterns. Ti alloy plates were polished using silicon carbide grinding paper (up to p4000) to ensure similar surface roughness. Both substrates were washed and cleaned with ethanol and then acetone before TAEA deposition.
A specifically designed ground electrode configuration was used for the TAEA process, which was covered with a single crystal silicon wafer on a metal plate. A range of copper templates, square mesh and track lines were placed on the surface of glass or Ti substrate.
For EA processing, once a specific liquid or suspension is being pumped through the needle capillary and voltage is applied to the capillary, an electric field is immediately set up across the capillary and the grounded plate. The geometries of the jet and subsequent droplets generated are classified into different modes of spraying by micro-dripping, cone-jet, multi-jet, etc. [22] . The stable cone-jet mode, the steadiest mode of spraying, could regularize the break-up of jet to generate fine and uniform droplets, and is therefore the most desirable mode. The cone-jet mode for EA spraying can be obtained within a range of applied voltage at a chosen flow rate. Therefore, the first step for TAEA processing was constructing a map for the stable cone-jet mode by the establishment of the relationship between the flow rate and the corresponding applied voltage. A freshly prepared nanoSiHA suspension was syringed through the needle at a controlled flow rate varied systemically from 2 to 30 ml min
21
, and the applied voltage was changed up to 6.0 kV.
The parameters governing TAEA influence the spray produced and are voltage, flow rate, spray time and distance between nozzle and substrate. So the second step was to determine the optimum distance between the substrates and nozzle. This distance was varied from 10 to 60 mm. Another consideration is the spray area, as the onset voltage for stable cone jet and the spray area are directly proportional to the nozzle-substrate distance, respectively.
In TAEA, droplets are driven by the electrical field to attach to the substrate. After evaporation of liquid carrier and removing the template, a deposition of well-defined patterns can be achieved on the substrate surface. TAEA is a selective coating process, which produces pre-determined deposition. The thickness of the deposition is related to the spraying time, which was then varied from 5 to 30 min.
Characterization of nanoSiHA patterns
2.3.1. Microscopy. The nanoSiHA pattern on the glass substrates was imaged using a Nikon ME600 optical microscope. The microstructure of the nanoSiHA patterns on the Ti substrate was further examined using a field emission scanning electron microscopy (FE-SEM, JEOL JSM/6301F). The dimension of the patterns in terms of width and gap was measured using Image analysis (n ¼ 50).
Profilometry.
The height of surface patterns was measured using Proscan 2000 (Scantron) laser profilometer. The scan size is 4 Â 4 mm with a step size of 20 mm. Matlab was used for post-data acquisition analysis. The effects of template size and spraying time on the surface patterns were compared.
Acellular in vitro study
Simulated body fluid (SBF K9 [23] 2 CNH 2 ) into deionized water. The solution was buffered to pH 7.4 at 378C with 1 M HCl. AnalaR grade chemicals from Aldrich (UK) were used. The SBF solution was sterilized using a 0.22 mm filter (Millipore, Billerica, USA) prior to testing.
NanoSiHA-deposited samples were immersed in 20 ml of SBF at 378C in an incubator for up to two weeks. The change in surface structure after soaking in SBF was studied using scanning electron microscope (SEM) and energy dispersive X-ray (EDX) analysis.
In vitro cell culture
A primary HOB cell culture model [24] was used to assess the biological response of nanoSiHA-patterned surfaces. The culture medium was Dulbecco's minimal essential medium (DMEM), supplemented with 10 per cent foetal calf serum, 5 ml of non-essential amino acids, 75 mg ml 21 ascorbic acid, 20 mM L-glutamine, 20 mM 4-(2-hydroxyethyl)-1-piperazineethanesulphonic acid (HEPES) buffer and penicillin G-sodium and streptomycin at 100 U ml 21 each. All reagents for tissue culture were obtained from Sigma (Poole, UK) unless stated otherwise. HOB cells were cultured at 378C, 95 per cent relative humidity and 5 per cent CO 2 until approximately 80 per cent confluency was achieved, then washed with phosphate buffered saline (PBS), and treated with 0.25 per cent porcine trypsin in 10 mM EDTA/PBS. The cell suspension was then centrifuged at 2000g for 5 min at 48C, the resultant pellet was re-suspended in fresh medium using a 19 gauge. The cell density was determined using a Neubauer Haemocytometer. NanoSiHA patterns on glass and Ti substrates were sterilized by dry heat at 6008C for 4 h. HOB cells (4 Â 10 4 cells) were then seeded directly onto the nanoSiHA-patterned substrate and incubated at 378C in a humidified air atmosphere of 5 per cent CO 2 
To minimize non-specific binding of the antibodies, the samples were blocked with 1 per cent solution bovine serum albumin in PBS for 10 min. The cells were then stained using 50 mg ml 21 Hoechst 33 258 and phalloidinfluorescein isothiocyanate (FITC) conjugate (1 : 50; Sigma, Poole, UK) for 1 h at 378C. The visualization was carried out using a Leica SPII Confocal microscope equipped with a LED Diode laser to excite the Hoechst 33 258 fluorophore at 405 nm. The emission wavelength range chosen was 415-470 nm. The FITC was excited using a HeNe laser at 488 nm (and emission range of 505 -535 nm). Visualization was carried out using a Leica HCX PL APO 63x oil immersion lens, with a numerical aperture of 1.4 and pinhole size equivalent to 1 Airy band resolution was used. An overlay was created using the LCSLITE software package (Leica, Wetzlar, Germany). The pathway to intelligent implants G. Munir et al. 681
TAEA processing
Achieving the stable cone-jet mode is crucial, as it results in uniform droplet relic deposition on the substrate. TAEA incorporates EHDA technology to create a patterned surface by using a mask template to selectively coat the substrate. The process of TAEA is governed by the key parameters, namely the flow rate of the suspension, the applied voltage, the distance between nozzle and substrate and the spray time, and all these contribute to the pattern produced. It is imperative to construct a map firstly to optimize these parameters to design the implant surface with desired patterns for guiding cells.
3.2.1. Cone-jet map. EHDA in cone-jet mode was achieved under the experimental set-up. A strong electric field was built up at the capillary nozzle; the liquid flowing could form a conical shape meniscus when electric driving force was controlled by the applied voltage. The relationships between the flow rate and the voltage applied for EA spraying of nanoHA and nanoSiHA are shown in figure 3 . The cone-jet mode was only achieved when the flow rate and the applied voltage were in a distinctive envelope. Above the envelope, a multi-jet was formed for a given flow rate and below the envelope (under the onset applied voltage of cone-jet mode), micro dripping or the unstable cone-jet mode occurred, and the various modes were captured by the high-speed camera, as shown in figure 3 . Generally these modes, apart from cone-jet mode, are undesirable as the reproducibility is low and the droplet size is uncontrollable. The maximum flow rate for achieving the stable cone-jet mode for nanoSiHA (25 ml min
21
) with the applied voltages all ranged from 4 to 6 KV. figure 3 , the stable cone-jet mode was maintained over the largest range of applied voltage when the flow rate was from 3 to 20 ml min 21 for nanoSiHA. A low flow rate decreases the velocity of the suspension arriving at the needle tip. This in turn affects the cone and jet formation and consequently the droplet formation during the breaking up of the jet. The ultimate effect is the decrease in the droplet size with lowering the flow rate. Scattering was significantly reduced when the flow rate decreased from 10 to 4 ml min 21 , track and pillar patterns appeared denser, as shown in figure 4 . In fact, a flow rate of greater than 7.5 ml min 21 was ineffective in producing clear patterning. Therefore, the resolution of the patterned nanoSiHA was improved with the decrease in flow rate. An even building up of the pattern occurred with smaller relic sizes. Correlation between template size and achieved pattern size in relation to flow rate was established. Lowering the flow rate to 4 ml min 21 provides a linear relationship between template size and resulting pattern (figure 4d ) with increased coverage of template space, from 62 per cent of coverage at a flow rate of 6 ml min 21 to that of 80 per cent at the flow rate 4 ml min 21 . However, when the template dimension decreases, percentages of the nanoSiHA coverage decreased to the point where only 50 per cent of the original width (area) covered. This is due to the smaller gaps with the more copper metal template, a stronger attraction of the particles to deposit on the template.
Effects of flow rate. From
Effect of the distance from nozzle to the substrate.
Increasing the distance from nozzle to substrate caused the intensity of nanoSiHA spray on the substrate to vary. The distance which allowed for the heaviest build up was 50 mm (figure 5). The difference of pattern morphology related to the distance between nozzle and substrate is directly linked to droplet flight time and solvent evaporation.
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owing to the evaporation of the solvent (ethanol) during transit. The longer the transit time, the longer time the solvent is exposed to the air and increased evaporation takes place. Li et al. [19, 21] determined the optimum distance between capillary and substrate is 20 mm for the coating of nanoHA. But in our study, a clear pattern could not be established with a distance below 30 mm. However, for the application of patterning production, there is a stronger emphasis on the specific placement of droplets rather than a complete covering of the substrate surface. From figure 5 , the distance of 50 mm was the optimum distance between nozzle exit and substrate for TAEA spraying of 3 wt% nanoSiHA.
Effect of spray time.
Under the TAEA deposition optimized in the study, namely, with a flow rate of 4 ml min
21
, applied voltage of 4.8 (+0.1) KV, and the distance between substrate and nozzle of 50 mm, the building up of the pillar patterns with spraying time is shown in figure 6 . The best outcome for the spraying time was 15 min. When the spraying time was greater than 20 min, scattering became severe and the boundaries of the pattern disappeared.
The height of the track pattern increased with the spraying time, figure 7 , shows a clear three-dimensional overview of the profiles of the track patterns figure 6 . The height of the short track pattern was 1.5 mm after spraying for 5 min; there was a nearly linear increase with spraying time up to 10 min. The height built up was slowed down up to 15 min, and there was no significant difference in the height of short and long track sprayed for 15 min; however, the height of pillar pattern was almost fivefold less than that of track one. The contour view of a 15 min sprayed track pattern showed that the majority of the track to be of the height of 3 mm, indicating uniform deposition. High-resolution SEM imaging (figure 8) shows that there was a gradual increase in height from the edge to the middle of the pattern. The 'uneven' deposition in the template space is owing to the droplets being attracted to the metal template, thus a number of droplets will be attached to the template instead of the space between the templates. This led to high-intensity deposition in the centre of the template space. Well-defined nanoSiHA patterns were successfully achieved using TAEA (figure 8). Analysis indicates that heat treatment of 6008C does not affect the morphology or structure of the patterns on the titanium substrate. Tracks produced have widths of 10, 15 and 25 mm with distances between tracks 60, 100 and 100 mm, respectively.
Acellular in vitro study
A rapid and simple in vitro test is required to predict the in vivo bioactivity of a material. Kokubo's SBF, with the inorganic ion concentrations closely resembling those in blood plasma, has been widely used for the investigation of in vitro bioactivity owing to wellestablished co-relationships between in vitro bioactivity and in vivo osteoconductivity for a range of glasses, glass-ceramics, ceramics and composites.
After a 1 day immersion in SBF, the morphology of nanoSiHA changed from rod-like particles to porous lamella-like crystals, and transformed to a spheroidal shape cauliflower-like structure, the typical feature of bone-like apatite formed in vitro, after 3 days (figure 9). EDX analysis (figure 9b) revealed that this newly formed structure was rich in Ca and P. The fast formation of surface apatite indicated the high bioactivity of the nanoSiHA deposited by TAEA.
In vitro culture with HOB cells
HOB cells were able to attach and grow on various nanoSiHA-patterned surfaces. Immunohistochemical staining of nuclei and actin cytoskeleton indicated preferential attachment of HOB cells on patterned surfaces as opposed to non-patterned surface (figure 10); HOB cells were more randomly assigned to the surface when a pattern was not present on the substrate. The pathway to intelligent implants G. Munir et al. 685
The pillar pattern appeared to support the cells as they can be seen directly on the apex of the structure, and HOB cells were aligned along the tracks and linked between track rows (figure 11). The filopodium is the organelle of a cell responsible for sensing the local topography. Long filopodia were found to be in contact with nanoSiHA patterns (figure 12a), and the linkage was related to the distance between the tracks and patterns. Distances between the track patterns ranged from 60 to 100 mm (table 2) . HOB cells aligned along the track and between the tracks. Particularly, HOB cells appeared to stretch themselves according to the distance between the patterns. The length of the HOB cells increased from 80 to 115 mm when the gap between the tracks increased from 60 to 100 mm. This is different to the HOB cells response to the pillar patterns (table 3) , where HOB cells stretched from one pillar to another when the gap was within 30 mm (figure 12b), while HOB cells attached to one pillar when the gap was over 50 mm (figure 12c). The effects of surface topography on HOB cell proliferation and differentiation are currently under systematic investigation.
It has been well recognized that topography has a profound effect on cellular adhesion, positioning and further proliferation and differentiation. The morphological response mechanism arises from the creation of anisotropic stresses. However, the origin and specific role of these stresses are debatable, and the underlying mechanism for topographical interaction with cells has yet to be elucidated. The difficulty lies in the infinite number of combinations of cell types, biomaterial compositions and topographical arrangements. Pierres et al. [25] reported that actin polymerization in the cytoskeleton rearrangement is vital for cell attachment. These polymerizations also act as a driving force for directional migration and morphological shifts. Filopodia are highly motile organelles involved in cellular processes of migration and sensing local topography. It has been shown that filopodia were less formed when the ridge-groove pattern topography was perpendicular, these may be owing to unfavourable stress, whereas parallel to the pattern, filopodia are more frequently formed. This, in turn, leads to the rearrangement of cellular cytoskeleton and polarization of the cell body and ultimately to the morphological effect of alignment and elongation. This view is supported by our study where the alignment and stretch of HOB cells were found on track patterns of nanoSiHA.
CONCLUSIONS
Nano-sized silicon-doped HA has been synthesized and subjected to TAEA patterning. The applied voltage, flow rate, spray time and distance between nozzle and substrate have been found to influence the formation of nanoSiHA patterns. The resolutions of nanoSiHA patterns can be improved by reducing the flow rate, varying the nozzle to substrate distance and spraying time. The surface of titanium substrate has been patterned with pillars and tracks of varying widths, line lengths and distances under the optimized TAEA-processing conditions. A fast bone-like apatite formation rate was found on nanoSiHA after immersion in SBF, thus demonstrating its high in vitro bioactivity.
In vitro culture showed that HOB cells responded to patterned nanoSiHA, the length of HOB cells was found to be proportional to the gaps between the track patterns, but the relationship was not observed on the pillar patterns. The study has thus paved the way for future design of next generation implant surfaces to control and guide cellular responses.
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